G raphene has been intensively studied as a next-generation electronic material because of its extremely high carrier mobility at room temperature, 1À4 among other performance advantages. Hexagonal boron nitride (BN) has attracted attention as a two-dimensional, large bandgap dielectric that is chemically and structurally compatible with graphene. This prompted the idea of integrated heterostructures, such as vertical stacking of graphene/BN layers 5À7 and, more recently, templated growth of one material from the other. In-plane hybrid structures have been generated by lithographical regrowth of BN around patterned graphene 8 and regrowth of graphene around patterned BN. 9 In these approaches, the patterning step has the potential to induce unwanted structural and chemical disorder in the resulting hybrid monolayer. To avoid this complication, direct (uninterrupted) growth of in-plane heterostructures has also been investigated, such as fewnanometer scale domains ("patches") of BN in a graphene matrix 10 and grapheneÀboron nitride (G-BN) monolayer heterostructures grown on Ru, 11 Rh, 12 and Cu 13 by low pressure chemical vapor deposition (LPCVD). These methods avoided chemical contamination but did not provide control over the interface structure, as discussed in the next paragraph.
B
Many graphene-enabled device concepts derive functionality from the atomic-scale geometry of the graphene edge. 14À17 For example, there is significant theoretical interest in lateral G-BN hybrids for use in next-generation digital electronics due to the ability to design devices with energy band modulation.
18À20
The edge structure of chemical vapor deposition (CVD)Àgrown graphene is determined by the total chamber pressure and the partial pressure of CH 4 feedstock gas, and typical LPCVD growth of graphene leads to dendritic structures with irregular edges. 21 In contrast, our experiments were based on atmospheric pressure chemical vapor deposition (APCVD), which promotes the formation of hexagonal graphene flakes with straight, crystallographically aligned edges.
22À26
We found that precise control of furnace conditions enabled continuous growth of uniform BN ribbons (BNR) from the crystallographically aligned edge of graphene hexagons, where the crystallographic orientation of the BNR was determined by that of graphene seed structure. The most critical factor in the growth of oriented G-BN heterostructures was the use of nearidentical, optimized growth conditions for graphene and BN. We found that the growth time could be used to control the width of the BNRs templated by the graphene hexagonal flakes. Isolated BNRs were obtained by annealing the G-BN structure in air at high temperature 27 (500°C, 3 h) to remove the graphene region. We demonstrated that the G-BN interface could be tuned from comparatively sharp to graded by controlling the duration of a preheating period of the BN source. A theoretical analysis of the energetics of the G-BN interface showed that it could be unstable, depending on its atomic termination, a result that was consistent with the observation that the interface was frequently torn. Finally, as a proof-of-concept application, an in-plane side-gated transistor was fabricated based on a graphene channel and side-gate, separated by a BN gate dielectric region, all sharing the same crystallographic orientation. This work paves the way for experiments exploring the properties of nanoscale BNR with well-defined edge structure and known chemical termination. 28 
RESULTS AND DISCUSSION
APCVD was used instead of LPCVD to obtain hexagonal graphene with straight edges; further, we found that the method could also be used for the controlled growth of triangular BN structures, which to our knowledge has not been previously reported using APCVD. Ammonia borane (AB) was used as the BN feedstock. The direct growth of G-BN structures was enabled by the use of a movable, home-built holder for the AB source. The holder was positioned in a cold zone during the graphene growth phase and then moved to a warm location to initiate sublimation of AB and growth of BN. Details are provided in the Methods section (Also, see Supplementary Figures 1 and 2 in the Supporting Information).
First, regular graphene hexagons were grown at ca. 1030°C using CH 4 , H 2 , and Ar process gases with the AB pellet holder positioned in a cold zone. The AB source was then moved to a position closer to the furnace for a preheating period, during which time the flow of dilute CH 4 feedstock was maintained in order to avoid etching of the hexagonal graphene template by hydrogen (or possibly by impurities present even in ultrahigh purity hydrogen 29 ) while the AB temperature rose to a steady state value of 60À70°C to induce sublimation. 30 It was found that 2 min of preheating led to G-BN structures with a comparatively sharp and straight interface. In contrast, a longer preheating time led to the growth of a graded G-BN interface due to coinjection of CH 4 and AB feedstock. After the preheating period, the CH 4 gas flow was stopped, and there was a BN growth phase that lasted 2À10 min, followed by rapid sample cooling. Figure 1a is a schematic of the growth progression for G-BN hybrid monolayers, as inferred from the result of multiple growth runs (see Supplementary Figure 3 and inset to Supplementary Figure 7 of the Supporting Information). During the graphene growth period, regular hexagonal structures nucleated and grew (left, Figure 1a ), and their shape was preserved during the AB source preheating period. For the first few minutes, BN grew exclusively as nanoribbons aligned Figure 1a ), while isolated triangular flakes of BN nucleated and grew at later times (right, Figure 1a) . We concluded that the edges of the graphene hexagons are more reactive for BN growth than bare Cu foil. Figure 1b is an optical micrograph that shows G-BN hybrid structures and triangular BN flakes on Cu foil. To create the optical contrast, the sample was oxidized for 30À60 s on a hot plate at 180°C after the growth. The morphology of the BNRs along the edge of the graphene hexagon is clearly seen at higher magnification (Figure 1c,d ; Figure 1d is a false color version of the image in Figure 1c ). Further details of the growth of BN ribbons from graphene templates can be found in Supplementary Figure 3 of the Supporting Information). Figure 2a is a topographic image of the sample taken by atomic force microscopy (AFM) after Cu oxidation. Both the graphene and BN regions show wrinkles, assumed to arise from differential thermal expansion of the material compared to the copper growth substrate. Oxidation led to volume expansion of the Cu foil, so the oxidized Cu surface was observed to be slightly higher than the edge of BN (Figure 2aÀd ; yellow and green triangles indicate the transition from BN to oxidized Cu and the G-BN interface, respectively.). These images provided strong evidence that BNRs grew directly from graphene edge atoms, and not by stitching of seeds that grew on the Cu foil. First, as noted previously, BNR formation occurred during the first 3 min of growth, while BN triangle flakes grew at later times from seeds on the Cu foil. This time lag suggested a distinctly different growth mechanism for the two structures. Second, the observation of straight G-BN interfaces (Figure 2b ,c) provided strong support for the direct growth of BN from the hexagonal graphene template.
To establish the monolayer nature of G-BN heterostructures, we transferred the sample to Si/SiO 2 wafers by the bubbling transfer technique. 26 The height profile of the G-BN (Figure 2e ) shows that the structure is ∼0.5 nm in height, consistent with a single atomic layer, and that there is no significant height difference between the graphene and BN regions. However, the materials are clearly distinguishable in the phase image, consistent with earlier observations. 8 Raman spectroscopy may be used to identify both graphene and BN, although the BN signal is weak compared to that of graphene. 31 This technique was used to establish the presence of both graphene and BN in hybrid structures that had been transferred onto oxidized silicon substrates. Because of the proximity of the strong D peak of graphene (1360 cm À1 ) to the much weaker characteristic peak of BN (1373 cm À1 ), it was not possible to collect signals from both materials simultaneously. Instead, we first collected a Raman line map that established the presence of the graphene hexagon (Figure 3a , top). The sample was then oxidized at 500°C in air for 3 h to remove the graphene bottom). Figure 3b shows the corresponding Raman spectrum collected in one of the circled regions. The full spectrum of the graphene and BN ribbon is provided in Supplementary Figure 5 of the Supporting Information. The presence of the Gr hexagon and BN ribbon was also inferred from optical micrographs taken before and after the oxidation step (Figure 3c,d) .
We further characterized G-BN heterostructures by electron energy loss spectroscopy (EELS) in a transmission electron microscope (TEM). For TEM analysis, G-BN samples were transferred onto amorphous carbon TEM grids with 1 μm holes (Figure 4a ). Energy-filtered images (Figure 4a , inset) conclusively showed the presence of B and N only in the region identified as the BNR. The presence of B and N at such regions was confirmed by EELS (see Supplementary Figure 6a of the Supporting Information) spectra that showed the K-edge peaks for B and N (188 and 400 eV, respectively); a weak carbon peak was also observed at 283 eV due to the carbon deposition during transfer, as observed by others. 30, 32, 33 Electron diffraction (ED) analysis of hexagonal graphene flakes, covering areas of 16 μm 2 (Supplementary Figure 6b of the Supporting Information), showed that the majority had a single crystal orientation with zigzag edges. Strikingly, the crystal orientation of the BNR consistently matched that of the graphene template from which they grew. This is shown in Figure 4b , where a dark-field (DF) TEM image taken with only one diffracted beam fixed at an angle corresponding to an atomic plane spacing of 0.12 nm highlights the continuity of the crystal orientation across the interface of the G-BN structure. Figure 4c shows ED patterns taken from the areas labeled as i (G), ii (BN), iii (G-BN), and iv (G) in Figure 4b . The crystallographic orientations were identical to within 2 degrees. Larger deviations (∼5 degree) in the orientations of G-BN were also observed near torn or folded regions, usually at the interface. Although theoretical predictions of favorable electronic properties (e.g., half metallicity 34 and bandgap modulation 18À20,34 ) have motivated the synthesis of G-BN hybrid structures, to date less attention has been paid to their structural stability, which is a prerequisite in order to access their desirable electrical properties. Strikingly, we observed frequent tearing at the G-BN interface, even in the absence of postsynthesis treatment or handling (e.g., sample baking or transfer process; see Supplementary Figure 7 of the Supporting Information). From this we concluded that the G-BN interface was vulnerable to fracture by thermal stress associated with the cooling process. To support this conjecture, we investigated the thermodynamics of G-BN interfaces from first principles to analyze the ARTICLE relevant energetics. Specifically, density functional theory (DFT) total energy calculations of graphene, BN, and hybrids were performed and compared (Figure 5a ). Since graphene hexagonal flakes are known to have a zigzag edge structure, 22À26 we considered two interface structures, one terminated by boron and the other by nitrogen (Figure 5b ). To incorporate the influence of hydrogen gas at high temperature, we used first-principles thermodynamics:
the tearing free energy was defined as
where n H is the number of H atoms that saturate dangling bonds after tearing and μ H 2 is the chemical potential of H 2 at temperature T and pressure P. The temperature range used was typical of the postsynthesis cooling process (see the Materials and Methods section for further details of the calculation). The G-BN interfaces for both B and N terminations were found to be less stable than lines of bonds within either graphene or BN. Furthermore, the B termination was calculated to be more stable than the N termination. The computed first-principles thermodynamics predicted that the N-terminated G-BN interface is less stable than separated, hydrogenated graphene and BN for T < 600 K. and electrons transfer from N to B. Accordingly, the bonding character of BN is relatively ionic, in contrast to that of graphene, which is completely covalent. For the B-terminated G-BN interface, carbon at the edge of graphene is predicted to donate electrons to B, filling π-bonding states (Figure 5b , left side). In contrast, the N-terminated structure requires charge transfer from N to C, which results in the occupation of antibonding states (Figure 5b , right side) and weaker interfacial bonding. These contrasting bonding motifs explain the difference in net tearing free-energy for the two terminations, and lead to the conclusion that the N-terminated interface would be vulnerable to spontaneous separation during cooling. We found that extending the duration of the preheating period of the AB source material enabled the generation of a G-BN interface that was graded on the micrometer scale. This was demonstrated in experiments where G-BN heterostructures were grown with 0, 2, 4, and 6 min of AB preheating. It was found that 2 min was the optimal choice for generation of a comparatively sharp G-BN interface. For 0 and 2 min of preheating, the graphene Raman signal was uniform over the entire flake (in Figure 3a, top) , which was interpreted to imply that there was no significant etching of the graphene template by hydrogen gas (or associated impurities 29 ) , and that no B or N impurity atoms were incorporated into the bulk of the graphene flake. In contrast, for samples grown with a longer preheating period, the intensity of the D-and D 0 -bands (indicative of disorder) increased progressively near the G-BN interface, while the G-band intensity associated with CÀC bonding decreased (Figure 6a, b) . This was attributed to incorporation of boron and/or nitrogen impurity atoms in the graphene region, similar to what has been reported for h-BNC film growth. 10 To support this interpretation, a multielectrode, backgated device was fabricated to enable electrical measurements of specified regions within the graphene flake. Conductivity and carrier mobility decreased progressively for regions nearer to the G-BN interface, consistent with the formation of a graded interface where the carbon component decreased monotonically toward the G-BN interface (Figure 6c ).
Unzipping of boron nitride nanotubes 35À37 by Ar þ -ion bombardment is one approach to obtain BN nanoribbons for use in electronics. On the basis of the results presented in Figure 3 , it was clear that an alternative approach is the use of single-crystal graphene as a sacrificial template for BNR growth. This motivated a study of methods to control the BNR width and in this way to enable bottom-up BN nanoribbon synthesis. To this end, we first reduced the BN growth We determined that at this temperature, the optimum preannealing period of the AB source was increased to 6 min, compared to 2 min for a growth temperature of 1030°C. G-BN heterostructures were grown using BN growth times of 1À7 min (see Figure 7a) , and the corresponding widths of the BNRs were 179 ( 16, 228 ( 19, 386 ( 16, and 528 ( 27 nm, respectively, for a growth rate of 57 ( 4 nm/min (Figure 7b ). For growth times less than 1 min, we expect that BN nanoribbons of a few tens of nanometers in width could be reproducibly obtained.
Synthesis of high quality in-plane G-BN heterostructures marks a critical step toward the realization of "2D electronics." 8, 9 As a proof-of-concept of the electronic functionality of the hybrid structures, we fabricated three-terminal, side-gated devices 38À40 on oxidized silicon substrates, where BN served as the gate insulator. To accomplish this, G-BN flakes were transferred onto 300 nm of a SiO 2 /Si wafer, and graphene flakes were identified that were crystallographically aligned and where the region between the flakes was filled by BN ( Figure 7c ). One flake was contacted by two electrodes that served as a source and drain, while the other flake was contacted by a third electrode to serve as a side-gate. This is seen in Figure 7c , where black dashed and yellow solid lines indicate the boundaries between G-BN and BN-bare SiO 2 , respectively. The I ds ÀV g characteristics of the device were measured using the global back gate and the side gate in ambient and under a vacuum of 1 Â 10 À6 Torr (Figure 7d ). The red (square) data set in Figure 7d , recorded in ambient, has a Dirac point near 15 V, which is typical for a backgated graphene device that is p-doped by atmospheric impurities. The transconductance associated with the side gate was about five times smaller than that of the backgate under both ambient and vacuum conditions, consistent with estimates of the geometric capacitances of these two configurations. In vacuum, the charge neutrality point for the back gate was À5 V, which was consistent with electrode doping. 41 The side gate data in vacuum (yellow inverted triangle) had a more negative Dirac point (À22 V), as expected since its geometric capacitance was about five times smaller than that of the back gate.
CONCLUSIONS
G-BN heterostructure monolayers were grown via APCVD, which is advantageous for obtaining graphene 
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H templates with well-defined edge structures. We demonstrated that precise control of the furnace conditions enabled continuous growth of regular BNR with the same crystallographic orientation as the graphene growth template, as evidenced by AFM, TEM, and electron diffraction measurements. The preheating time of the BN source was found to be a critical parameter that could be used to create either a sharp or graded G-BN interface. We also studied tearing at the G-BN interface, which was often observed, presumably due to strain induced during the cooling process. DFT calculations demonstrated that the N termination is weaker than the B termination due to the presence of the antibonding state occupation, although, both B and N termination were found to be energetically possible. We also quantified the growth rate of the BNRs and demonstrated the electronic functionality of G-BN heterostructures where the BN region was used as an in-plane gate dielectric. Our approach may open up a route for the growth of BNR of nanoscale dimensions and pave the way for 2D G-BN hybrid electronics.
MATERIALS AND METHODS
GrapheneÀBoron Nitride Heterostructure Growth. GrapheneÀ boron nitride (G-BN) lateral heterostructure monolayers were synthesized by introducing diluted CH 4 (GTS-WELCO, 1.05%, balanced by Ar) and ammonia borane (AB) source (SigmaAldrich, 682098) into a 1 in. tube furnace. The AB source was prepared according to the procedure in Supplementary Figure 1 of the Supporting Information. A 100 μm thick Cu foil (Alfa Aesar, 42189), either polished 42, 43 or unpolished, was loaded into the tube furnace (Lindberg blue M, TF55035) and heated to 1057°C for 25 min in a flow of 500 sccm of Ar (99.999%) and 50 sccm of H 2 (99.999%). After 5 min of annealing, the system was cooled to 1030°C (1000°C for Figure 7a and 7b to reduce growth rate) for 5 min to grow hexagonal graphene flakes. The process gas flows were 500 sccm of Ar, 30À35 sccm H 2 , and 2 sccm of diluted (1.02% in Ar) CH 4 . Graphene was grown for 8À20 min then the AB source was moved closer to the furnace (Supplementary Figure 2c of the Supporting Information). The AB source was preannealed for 2 min or longer (e.g., 6 min for flake in Figure 6 ) to induce sublimation, while H 2 and CH 4 gas flows were continued to prevent etching of graphene. After the preannealing step, H 2 gas flow was reduced to 20 sccm, the CH 4 gas flow was stopped, and sublimed material from the AB pellet was used to grow hoop-like BNR around the graphene templates for 1 to 7 min. When the BN growth finished, the furnace was rapidly cooled to the room temperature in a flow of 1000 sccm of Ar and 10 sccm of H 2 .
Sample Characterization by AFM, TEM, SEM, and Raman Spectroscopy. AFM (Asylum, MFP-3D) images of G-BN heterostructures on Cu foil and SiO 2 /Si (300 nm oxide) were taken with tapping mode. For TEM analysis, the sample was transferred to a holey (1 μm hole) carbon grid (Electron Microscopy Sciences, c-flat) by bubbling transfer method 26 with poly(methyl-methacrylate) (Microchem, molecular weight of 950 K). Transmission electron microscopy, electron diffraction, and electron energy loss spectroscopy (EELS) were carried out in a JEOL 2010, a JEOL 2010F, and a FEI Titan operating at 200, 200, and 300 kV, respectively. Electron energy loss (EEL) spectra and energy filtered TEM images were acquired with a GIF camera. In particular, filtered images were taken with 30 eV energy windows centered at 188 and 401 eV, for B and N, respectively. Scanning electron microscopy images were taken with 5 kv operation bias. For Raman spectroscopy and mapping, the G-BN flake was transferred onto an oxidized silicon wafer and Raman measurements were taken using an excitation laser with a wavelength of 532 nm wavelength.
DFT Calculation. DFT calculations were performed using Quantum ESPRESSO 44 with generalized gradient approximation (GGA-PBE) 45 for exchange-correlation functionals. Norm-conserving nonlocal pseudopotentials within the Rappe-Rabe-Kaxiras-Joannopoulos (RRKJ) 46, 47 scheme were adopted to generate plane-wave pseudopotentials of B, C, N, and H atoms. The basis set kinetic energy cutoff was 50 Ry. Convergence thresholds for self-consistency and ionic relaxation were set as 1 Â 10 À6 Ry and 1 Â 10 À3 Ry/Bohr, respectively. MonkhorstPack 48 k-point meshes 3 Â 1 Â 1 were used for supercells consisting of 32 hexagons with eight zigzag chains (eight atoms per chain). The tearing free energy was calculated with an assumption that tearing is achieved with zigzag terminations for pristine BN and GR, and their hybrid. The model sheets were separated by a vacuum region of 10 Å, and their edges are saturated by hydrogen atoms.
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